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The responses of magnetic moments to external stimuli such as magnetic-field, heat,
light, and electric-field have been utilized to manipulate the magnetism in magnetic
semiconductors, with many of the novel ideas applied even to ferromagnetic metals.
Here, we review a new experimental development on the control of magnetism in
(Ga,Mn)As thin films by surface decoration of organic molecules: Molecules deposited on
the surface of (Ga,Mn)As thin films are shown to be capable of significantly modulating
their saturation magnetization and Curie temperature. These phenomena are shown
to originate from the carrier-mediated ferromagnetism in (Ga,Mn)As and the surface
molecules acting as acceptors or donors depending on their highest occupied molecular
orbitals, resembling the charge transfer mechanism in a pn junction in which the
equilibrium state is reached on the alignment of Fermi levels.
Keywords: molecular control of magnetism, dilute magnetic semiconductors, molecular decoration, carrier-
mediated ferromagnetism, highest occupied molecular orbital
INTRODUCTION
Magnetic materials have been an integral part of modern daily lives, used extensively in applications
such as magnetic hard drives and random access memories, where the spontaneous magnetization
is used to store information [1]. The basic functions of a memory element involve read and
write operations; the former can be accomplished nearly non-dissipatively by exploiting the
giant/tunneling magneto-resistance (GMR/TMR) effect [2–5]. However, much more energy is
needed for the write operation, namely, for switching the magnetization direction of the magnetic
bit [6]. Conventionally, a magnetic field generated by an electric current is used to change the
magnetization direction, inevitably leading to unwanted power dissipation in the form of the
Joule heat [7]. In addition, the non-local nature of a magnetic field also severely restricts the
miniaturization of the magnetic memory devices [8]. This problem can be circumvented by the
so-called spin-torque technique, now widely employed in the non-volatile magnetic random access
memory (MRAM), in which the magnetization reversal is induced by a torque carried by a spin-
polarized current exerting on the magnetic moment [7–9]. However, the required critical current
density is still too large to efficiently decrease the energy consumption [7–10].
Moreover, considering the stability of the magnetic information storage, the magnetic bits
should be essentially immune to ambient fluctuations, which is usually realized by using hard
magnets featuring large coercive fields [11]. Hence, to decrease the writing power, one natural
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idea is to decrease the coercive field momentarily during writing
by heat. Note that this method is different from the magnetic-
field or spin-torque induced magnetization reversal, since in
the latter two cases the magnetic properties can be regarded
as unchanged in the process. Based on this idea, heat-assisted
magnetic recording (HAMR) technology has been under rapid
development in recent years, and is expected to increase the limit
of magnetic recording dramatically [12, 13]. However, the high
density integration of the heating assemblies remains a great
challenge, which involves attaching and aligning a semiconductor
diode laser to the write head and implementing near-field optics
to deliver the heat at nanoscale [13].
Along the basic idea of HAMR, an attractive alternative
involves modulating the magnetic properties temporarily
and reversibly, but at ambient temperature. One scheme
uses electric-field which holds the advantages of controlling
carrier distributions effectively and with high spatial and
temporal resolution by consuming nearly negligible power.
Although electric-field control of magnetism has been observed
in multiferroics [14–16], it is thought very difficult, if not
impossible, to realize similar modulation in a magnet. This is
attributed to the fact that the electric-field and magnetization
do not exhibit direct and strong correlations as in multiferroics.
The discovery of carrier-mediated ferromagnetism in (III,Mn)V
dilute magnetic semiconductor (DMS) presents an ideal
materials system for examining electric-field control of
magnetism. In fact, isothermal manipulation of magnetic
properties including Curie temperature (TC) and coercive
field by electric-field was soon successfully demonstrated in
(In,Mn)As films [17]. Later, electric-field assisted magnetization
reversal at constant external magnetic field was also realized in
(In,Mn)As films, which was made possible by the electric-field
control of coercive field [18]. Notice that it is not possible to
reverse the magnetization solely by an electric-field, since an
electric-field does not cause time-reversal symmetry breaking,
which is required during the magnetization reversal process
[19, 20]. Thus, an external perturbation such as magnetic field
is needed to make one of the bistable states energetically more
favorable [19, 20]. Furthermore, as a direct consequence of
gate-voltage control of the magnetic anisotropy, it was found
that the magnetization direction in (Ga,Mn)As films could also
be changed by a gate electric-field, providing an alternative
method to the electrical switching of magnetization [21]. The
main obstacle for the practical applications of III-V DMS
remains the low Curie temperatures, with the record sticking
at about 200 K for (Ga,Mn)As nanowires [22]. For this reason,
similar schemes were attempted on ultrathin ferromagnetic
metal films at room temperature, despite persisting doubts
on whether the tiny signal could be observed/exploited [23].
After the first breakthrough on the electric-field control of
coercive field in FePd and FePt thin films by using ionic liquid to
generate a giant interfacial electric-field [24], much progress has
been achieved in recent years, such as the electrical control of
magnetic anisotropy, coercive field, and even TC in Fe, CoFeB,
and Co thin films [25–32]. More intriguing, electrical switching
of FeCo and CoFeB ultrathin films in magnetic tunnel junctions
(MTJs) has also been realized, laying the groundwork for their
potential applications in MRAM [33–38]. For more details about
the electric-field effects on magnetism in metals, the readers
can refer to several recent review papers [19, 37–39]. Besides,
combining the ferroelectric and ferromagnetic materials in a
heterostructure, non-volatile electric-field control of magnetism
in (Ga,Mn)As has also been demonstrated [40]. In addition to
the electrical methods, it was found that the magnetism could
be tuned by photo-illumination in magnetic semiconductor
systems, exemplified by (In,Mn)As/GaSb heterostructures and
(Cd,Mn)Te quantum wells [41, 42]. These phenomena are also
related to the modulation of carrier density, but controlled by
photo-excitation.
Although the application of DMSs is limited due to their low
TC, many novel ideas and results extracted from research on
DMS have inspired further work in many ferromagnetic metals
now used in practical devices [19, 33–39]. For example, the
gate voltage-controlled magnetic anisotropy first demonstrated
in DMS [17, 18, 21] was utilized in ferromagnetic metal
based MTJs [33–39]. On the other hand, it continues to be
of fundamental interest to explore new means and examine
the extent of tuning the magnetism reversibly with minimal
changes in temperature. From this point of view, DMSs still
serve as an ideal system for testing new ideas and studying
physical mechanisms. For instance, the ferromagnet-molecule
interface has been the focus of many recent studies [43, 44],
due to their novel electrical and magnetic functionalities. Spin-
filtering effect and large spin polarization at the interface
of ferromagnetic metals and nonmagnetic organic molecules
have been revealed both by theoretical calculations [44, 45]
and experiments [44, 46, 47]. Interfacial magnetization in the
organic molecules may also be induced [48] and the surface
magnetic anisotropy of the ferromagnetic metal be modified [49].
Even more intriguing, induced magnetization on the surfaces
of nonmagnetic metals through decoration of organic self-
assembled monolayers (SAMs) [46, 50] has been demonstrated,
which parallels another hot topic in the electric-field creation of
magnetism in nonmagnetic metals [51]. In this review article, we
focus on the recent developments on the control of magnetism
in DMS (Ga,Mn)As films by taking advantages of the diverse
functionalities of organic molecules.
SURFACE DECORATION OF ORGANIC
MOLECULES ON (Ga,Mn)As FILMS
Both electron donor and acceptor molecules were used
to decorate the surface of (Ga,Mn)As films. The electron
donor molecule was chosen to be a thiol molecule, 16-
mercaptohexadecanoic acid (MHA). A schematic representation
of the molecular structure of MHA with the passivation and
MHA assembly procedures on (Ga,Mn)As is shown in Figure 1A.
The as-grown film was first immersed in an ammonium sulfide
solution, which etches away the native oxide and forms a sulfur
passivation layer on the sample surface. The sulfur passivation
protects the sample from re-oxidation and facilitates the final
MHA monolayer molecule self-assembly. The preparation of a
properly passivated oxide-free (Ga,Mn)As surface was found to
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FIGURE 1 | Surface decoration of electron donor and acceptor organic molecules on (Ga,Mn)As films [54]. (A) Schematic representation of the surface
modification procedures for MHA SAM. (B) XPS spectra of unpassivated, S-passivated, and MHA-functionalized GaAs samples. (C) Enlarged XPS spectra for sulfur
2s, which show two peaks (corresponding to S 2s-Ga and S 2s-As respectively). (D) Magnified XPS spectra for sulfur 2p, in which both the traces of S 2p-Ga and S
2p-As can be observed. (E) Molecular structure of F4-TCNQ. (F) The XPS spectra of N 1s core level for 1 nm monolayer and 3 nm multilayer F4-TCNQ on (Ga,Mn)As
films, revealing the saturation effect of the charge transfer process.
be the key step for the realization of the high-quality MHA self-
assembled monolayer on (Ga,Mn)As [52, 53]. The effects of the
sulfur-passivation and formation of MHA SAM on the treated
surface had been confirmed by high-resolution transmission
electronmicroscopy, dip-pen nanolithography (DPN), and X-ray
photoelectron spectroscopy (XPS) [54].
Figure 1B shows the XPS scans of three semi-insulating GaAs
samples which had been stored in air for several months. The
first sample was measured as-cleaved (green curve), the second
sample was immersed in a diluted 1% (NH4)2S solution (red
curve), and the third sample was both immersed in a diluted
(NH4)2S solution and a 1 mM MHA ethanol solution (blue
curve). All the samples were then exposed to the air again for
several days, after which XPS measurements were carried out.
Clear signatures of oxidation (i.e., O 1s core level peaks) on the
native surface were observed for the unpassivated sample, in
contrast to the S-passivated and MHA-functionalized samples.
The enlarged sulfur 2s and 2p XPS spectra were shown in
Figures 1C,D, both the S 2s and 2p peaks showed two peaks
corresponding to Ga-S and As-S bonding present at the surface.
The absence of spectral features at binding energy (BE) ≥ 163.5
eV in the S 2p region indicated that there were no free thiol
groups in these films, which was consistent with the S-passivation
and thiol binding. Both the S 2s and S 2p peaks of MHA-
functionalized samples shifted to lower energies compared to
the S-passivated samples, implying successful replacement of the
S by the thiol in MHA. Other features such as Ga 3d, As 2p,
and 3d as well as the C 1s spectra also strongly suggested the
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successful S-passivation and the replacement of S by the thiol in
MHA [54–56]. Further evidences of the MHA SAM assembly on
the S-passivated (Ga,Mn)As surfaces include the successful DPN
nanoscale patterning, as shown in reference [54].
To accumulate holes in the (Ga,Mn)As layer, molecules
with strong electron affinity should be utilized. Here, 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) with
molecular structure depicted in Figure 1E was used to increase
the hole density in the (Ga,Mn)As film. In fact, it had already been
shown in various p- or n-typematerials that the adsorption of F4-
TCNQ led to strong compensation of electrons [57–60]. It was
thus expected that F4-TCNQ thermally evaporated on the surface
would inject holes into (Ga,Mn)As, in spite of its degenerate
p-type characteristic.
Extensive XPS measurements on (Ga,Mn)As films covered
with 0, 1, and 3 monolayers of F4-TCNQ on the surface verified
the acceptor role of F4-TCNQ. Figure 1F showed XPS results
of several characteristic peaks of (Ga,Mn)As films with 1 nm
(monolayer) and 3 nm (multilayer) thick F4-TCNQ. The two
peaks in the N 1s core-level spectra, which were absent in the as-
grown sample, were assigned to the anionic N−1 and neutral N0
species in the molecular layer and the interface. The appearance
of the N−1 anion species indicated that the electron transfer took
place through the C ≡ N groups of the molecules [58, 60]. It
was evident that in these samples, not all C ≡ N groups were
involved in the charge transfer process, especially in the one with
thicker F4-TCNQ. Formonolayermolecular coverage (1 nm), the
N−1 species dominated while for thicker F4-TCNQ (3 nm), the
neutral N0 carried more spectral weight, likely due to unreacted
C≡Ngroups in the upper part of the F4-TCNQfilm. In addition,
a peak around 393 eV consistent with the Ga LMM Auger peak
[61] was present in the 1 nm sample but absent in the 3 nm
sample. These results showed that the N−1 spectral feature were
contributed by the Ga-N bonds at the interface. The hole injected
into the (Ga,Mn)As films was attributed to the alignment of
Fermi energy of (Ga,Mn)As with the highest occupied molecular
orbital (HOMO) of F4-TCNQ [58, 60, 62], resulting in electrons
transferred from the (Ga,Mn)As film to F4-TCNQ.
MODULATION OF MAGNETISM IN
(Ga,Mn)As FILMS BY ORGANIC
MOLECULES
With the molecular decoration of MHA and F4-TCNQ described
in the previous section, the effects of carrier doping and
modulation of ferromagnetism in (Ga,Mn)As films covered by
organic molecules were probed by a combination of magneto-
transport and magnetic measurements on the same samples. In
order to minimize potential spurious effects from unintended
surface contamination/reaction, (Ga,Mn)As films with GaAs cap
layers up to 2 nm thick were also grown. The comparison of
results with samples without a GaAs cap layer only showed very
little difference. Besides, the possible existence of small defects in
the organic layers had also been shown to have negligible effect on
the modulation of magnetism in (Ga,Mn)As. This was supported
by the observation that increasing the immersion time in the
MHA solution beyond 1 min and depositing more than 1 nm
of F4-TCNQ had no measurable effect on the TC modulation
magnitude.
Figure 2 shows the measurement results of a 9 nm thick
epitaxial (Ga,Mn)As film capped with a 1 nm GaAs layer. The
M(T) data (Figure 2A) reveal clear changes of TC resulting from
the surface molecule coverages: the F4-TCNQ enhances TC,
while the MHA reduces TC. Quantitatively, TC was determined
from the peak temperature of dM/dT, as shown in the inset.
M(H) measurements at 5 K with magnetic field applied along
GaAs [-110] direction (Figure 2B) revealed a similar trend
in the saturation magnetization (MS), which decreased with
MHA assembly and increased upon F4-TCNQ deposition on
the surface. At the same time, a clearly change of the carrier
concentration with the same changing direction could also
be observed from the temperature dependent longitudinal
resistivity curves, as shown in Figure 2C. Furthermore, the
TC estimated from the peaks of these curves also showed
similar changing trends with the above magnetic measurement
results. To quantitatively determine the carrier concentration,
the magnetic field dependence of the Hall resistivity had been
measured and presented in Figure 2D. At low field region, the
Hall resistivity was mainly contributed by the anomalous Hall
component. Again, due to the changing of longitudinal resistivity,
the anomalous Hall resistivity also varied accordingly. At high
field region, the curve showed mostly the feature of ordinary
Hall effect and a linear fitting gave a hole density of 8.9 × 1020
cm−3 for the as-grown sample, which increased (decreased) to
1.45 × 1021 cm−3 (1.35 × 1020 cm−3) with the deposition of
F4-TCNQ (MHA). The correlation between the resistivity and
hole concentration was qualitatively in consistent with previous
works [63–65].
In order to obtain a quantitative and systematic understanding
of the mechanism of the molecular modulation of the magnetism
in the (Ga,Mn)As films, similar measurements have also been
performed for a series of (Ga,Mn)As films with different film
and cap layer thicknesses [54]. The nominal Mn concentration of
these (Ga,Mn)As films were kept at about 4%. Theoretically, the
p-d Zener model for ferromagnetism in DMSs predicts that TC
correlates hole concentration in a power form with the exponent
γ between 0.6 ∼ 0.8 in the relevant range of hole densities
[65, 66]. However, for thin films (<5 nm) in the parallel capacitor
structure, the exponents were found to be ∼0.2. The much
smaller critical exponent was explained by considering the non-
uniform distribution of the hole concentration in thin films [67].
In our experiments, γ values much smaller than the prediction in
(Ga,Mn)As bulks were also observed in sample with the largest
TC modulation up to 36 K, which could also be explained by the
modified p-d Zener model [54, 67].
Using molecules to control magnetism of magnetic films is
easy to operate experimentally, it is also very convenient to
verify the modulation effect: one simply deposits a thin layer
of molecules on a large piece of magnetic film, and then the
variation of magnetism can be quantitatively determined by a
magnetometer, in contrast to indirect characterization methods
such as anomalous Hall effect. More importantly, this novel
method also enables one to make a very small device, even down
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FIGURE 2 | Molecular modifications of ferromagnetism in a 9 nm thick (Ga,Mn)As film capped with 1 nm GaAs [54]. (A) Temperature dependence of the
remnant magnetization M(T ). Inset: temperature derivative of the remnant magnetization dM/dT vs. temperature curves, showing more clearly the modulation of TC
for the three films. (B) Magnetization hysteresis loops measured at 5 K for the same three films. Inset: magnification of the low field region. (C) Temperature
dependence of the longitudinal resistivity. (D) Hall resistivity for the same three films measured at 5 K. Inset: Linear fittings of the high field data, indicating a clear
change of the hole concentrations.
to nanoscale [54]. However, effective characterization of the
variation of a ferromagnet in nanoscale needs further effort. In
addition, it is also very interesting to do the similar experiments
on ultrathin magnetic metals, one step further to the possible
application of molecules/magnet hybrid structures.
CONCLUSIONS
In this article, we review several methods for the control of
magnetism and describe results from one that utilizes surface
molecular decoration. Organic molecules acting as electron
acceptors or donors have been employed to modulate the
ferromagnetism in the DMS (Ga,Mn)As films without elevating
the sample temperature. The basic mechanism for the magnetism
modulation is shown to be the variation of the carrier density
in (Ga,Mn)As attributed to the charge transfer with the surface
adsorbed molecules. These experimental results provide a
novel pathway for reconfigurable and flexible nanoscale control
of magnetism utilizing nano-patterns of organic molecules,
which may have potential applications in magnetic storage
and molecular spintronic devices. This convenient method may
be extended to the isothermal control of magnetism in thin
ferromagnetic metal films in practical device structures.
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